A very simple strategy for preparing hierarchical inorganic nanostructures under ambient aqueous conditions is presented. The hierarchical inorganic nanomaterials were obtained by simply adding a highly concentrated solution of one reactant to a solution of another reactant with low concentration. No surface-capping molecules or structure-directing templates were needed. The preparation of hierarchical single crystalline PbMoO 4 was used as an example in order to study the effects of varying the reaction conditions and the mechanism of the process. It was found that the large concentration difference (typically in excess of 200-fold) and the concentration gradient of the reactants both play key roles in controlling the diffusion process and the morphology of the resulting nanostructures. This kinetically controlled strategy is facile and is easily adapted to prepare a variety of inorganic materials.
Introduction
Recently, hierarchical inorganic nanomaterials with complex structures have attracted much attention due to their distinct characteristics and potential applications [1 7] . Bottom-up approaches have great potential for fabrication of such nanostructures. Methods based on the vapor liquid solid (VLS) mechanism were pioneered in preparing hierarchical inorganic nanomaterials [8 13] . Later, fabrication of hierarchical inorganic nanomaterials was carried out via vapor transfer and condensation [1, 14 17 ]. All the above methods need relatively high temperatures (>400 ºC), however. Solvothermal processes [5, 18 23] or reactions in nonaqueous solutions involving capping agents [24, 25] offer other ways to synthesize hierarchical inorganic nanomaterials at moderate temperatures (typically >100 ºC). Alternatively, ultrasonic [26] or microwave radiation [27] have been used to assist the formation of branched structures. Aqueous-phase chemical synthesis under ambient conditions has been considered as a potential promising route because of its low energy requirements, safe and environmentally benign processing conditions, and the potential for large-scale production. However, surface-capping reagents are often needed in such processes [28 33] Bio-inspired approaches [34] have highlighted another way to control the nucleation, polymorphism, and growth of crystals under ambient conditions during mineral formation, in which kinetic control by diffusion is rather important [35 37] . Encouraged by these natural processes, we tried to make use of diffusion controlled processes under ambient conditions to produce hierarchical nanostructures. In this paper we describe a simple way of preparing hierarchical nanomaterials by adding a highly concentrated solution of one reactant to a solution of another reactant with low concentration under ambient conditions without the surface-capping molecules or structure-directing templates. We systematically studied the process by using the preparation of dendritic PbMoO 4 nanocrystals as an example. This synthetic approach can be extended to other hierarchical inorganic nanomaterials, such as PbS, SrC 2 O 4 , and Zn(OH) 2 , and offers a potential general method for the synthesis of such materials. Although millimeter to micrometer sized hierarchical crystals have been prepared by traditional counterdiffusion methods in gels or different reservoirs [38 41] , the processes normally require reaction over a few days [38 40] . Compared with these methods, our strategy is a simple, clean, and quick way to obtain hierarchical nanocrystals.
Experimental
Two different processes were used to synthesize dendritic PbMoO 4 nanocrystals, i.e., the Pb/Mo route and the Mo/Pb route. In a typical Pb/Mo process, Pb(OAc) 2 ·3H 2 O powder (0.076 g, 0.20 mmol) or 1.0 mL of 1.5 mol/L Pb(OAc) 2 solution was added to 20 mL of 1.0 mmol/L Na 2 MoO 4 solution without agitation at room temperature. After 15 min, the resultant white precipitates were separated and washed with distilled water several times to remove the excess reactants and byproducts, and then dried in air. For the Mo/Pb route, the synthesis procedure was identical to that for the Pb/Mo route except that the feeding order of the two reactants was changed, i.e., Na 2 The resulting products were characterized by scanning electron microscopy (SEM) (FEI XL30 S-FEG), transmission electron microscopy (TEM) (JEOL, JEM-200CX), X-ray diffraction (XRD) (Rigaku Dmax-2000 with Cu K radiation, =1.5406 Å), highresolution TEM (HRTEM) (FEI Tecnai F30), X-ray photoelectron spectroscopy (XPS) (Kratos Axis Ultra), atomic force microscopy (AFM) (Seiko Instruments Inc., SPA400 SPM), and infrared (IR) spectroscopy (Nicolet Magna-IR 750 spectrometer). Figure 1 shows typical TEM and SEM images of the hierarchical PbMoO 4 product obtained by the Pb/ Mo route. All the as-synthesized PbMoO 4 materials possessed a dendritic structure [21] , with most of the dendrites having four branches pointing towards the four vertices of a square. Leafl ets perpendicular to the trunks were found on the longer branches, whereas shorter branches were bald without leaflets. By examining more than 100 dendrites by SEM or TEM, it was found that the bald dendrites had a branch length of 35 135 nm whilst branches with a length of 160 445 nm normally had leaflets of 10 40 nm in width. The XRD pattern of the dendritic nanocrystals ( Fig. 1(d) ) shows strong and sharp diffraction peaks corresponding to PbMoO 4 with a body-centered tetragonal scheelite structure (JCPDS 77-0431), and no byproduct peaks were observed. The relative intensity of the {004} to {200} refl ections is 0.98, which is much larger than that found in isotropic bulk crystals (I {004} /I {200} = 0.60 in JCPDS 77-0431). This indicates that the dendritic nanocrystals grew along the 100 directions.
Results and discussion
To provide further insight into the structures of the hierarchical dendrites, HRTEM investigations were performed. HRTEM images recorded from the branch, the leaflet, and the connecting region between the branch and the leaflet indicated that each PbMoO 4 dendrite was a single crystal (Fig 2) . The observed lattice fringe distances of the three selected areas were all 0.272 nm, equal to the (200) spacing of scheelite PbMoO 4 . Fast Fourier transform images showed that the upper left branch extended along the [010] direction ( Fig. 2(b) ), whilst the leafl ets on this branch grew along the [100] (Fig. 2(c) ) or [100] direction ( Fig. 2(d) ). It seems that the PbMoO 4 crystals grew along four 100 directions to form the fourarmed bald dendrites and subsequent growth of the leafl ets out of the branches afforded the hierarchical dendrites.
We systematically studied the effect of varying the reactant concentrations on the morphology of the resultant PbMoO 4 crystals. Typically, the Mo/ Pb route could also produce hierarchical dendritic PbMoO 4 nanocrystals ( (Fig. 3(b) ). Further investigation indicated that a low concentration of one reactant and a high concentration of the other reactant were necessary for the synthesis of hierarchical PbMoO 4 nanocrystals Fig. S-2 in the ESM) whilst higher concentrations resulted in many irregular particles. The low concentration presumably leads to a slow diffusion rate of the reactant which is important for diffusioncontrolled crystal growth. The high concentration of the other reactant, Pb(OAc) 2 , is also important. It should be higher than 0.15 mol/L, or solid powders can be simply used as the reactant (Fig. 1 and Fig. S-3 in the ESM). An appropriate molar ratio of the two reactants was also found to be required in order to obtain the dendritic species as the major product. For the case of the Mo/Pb route, a considerable excess of Na 2 MoO 4 with respect to Pb(OAc) 2 (e.g., n Na2MoO4 / n Pb(OAc)2 ≥5) was required in order to ensure the continual supply of a high concentration of MoO 4 2 ions; otherwise, irregular particles of PbMoO 4 were formed simultaneously (Fig. S-4 in the ESM). The effects of stirring, varying temperature, and lead source were also investigated. When Pb(OAc) 2 ·3H 2 O powder was added to Na 2 MoO 4 solution with stirring, the locally concentrated Pb 2+ ions dispersed quickly throughout the whole solution, and thus the kinetically controlled crystal nucleation and growth could not take place (Fig. 3(c) ). According to the diffusion equation D = kT/f (where D is the diffusion coeffi cient of the particle, k is the Boltzmann constant, T is the temperature, and f is the resistance coefficient of the particle in solution), increasing the reaction temperature leads to an increase in the diffusion rate, which adversely affects the diffusioncontrolled crystal growth process. In this case, the high local concentration of Pb 2+ ions dispersed quickly, and thus only bald dendrites of PbMoO 4 without leaflets were obtained at 50 °C (Fig. 3(d) ) and no branched crystals were obtained when the temperature was further increased. Besides Pb(OAc) 2 In order to investigate the morphology evolution during the growth of the PbMoO 4 dendritic nanostructures, we performed the synthesis using the Mo/Pb route with different reaction times. The TEM images are shown in Fig 4(a) (c) . At the very early stage of 1 min, the products were mainly star-shaped PbMoO 4 nanocrystals with four bald branches as shown in Fig. 4(a) . The lengths of the branches were 130 190 nm. When the reaction time was increased to 3 min, the lengths of the branches increased to 360 820 nm and some leaves started to grow out from the branches of the stars (Fig. 4(b) ). When the reaction time was further prolonged, the length of the arms remained nearly constant but more leaves grew out from the branches to form the dendritic PbMoO 4 nanocrystals with fully-grown leaves (Fig. 4(c) ). were adsorbed on the outermost surface layers of the Mo/Pb products. Although some of the reactant species were adsorbed on the surface of PbMoO 4 nanocrystals, the product was mainly composed of well-crystallized PbMoO 4 as indicated by both the strong and sharp peaks in the XRD pattern ( Fig. 1(d) ) and the obvious lattice fringe in the HRTEM images (Fig. 2) ions. According to Fick's fi rst law [42] , the diffusion rate of ions is proportional to the concentration gradient of the ions. Thus, MoO 4 2 ions will diffuse only slowly into the PbMoO 4 nucleation regions, which limits the crystal growth rate. The {100} planes of scheelite PbMoO 4 , which have the most available coordination sites (Fig. 4(e) ), grow fastest due to the preferential adsorption [43] Diffusion-controlled processes are common in crystal growth. Not only single crystals of macroscopic size but also various kinds of nanocrystals can be obtained via such processes [35 40, 44 47] . However, our strategy based on the large concentration difference between two reactants offers an effective, simple, and convenient way to provide a diffusion-controlled crystal growth environment. The high concentration of one reactant provides the large supersaturation required for fast crystal nucleation and subsequent crystal growth. Two factors, the high local concentration of one reactant and the small concentration gradient of the other reactant, On the basis of the observed evolution of morphology with time, the surface composition, and the crystalline structure of the hierarchical PbMoO 4 nanodendrites, a formation mechanism based on a diffusion-controlled process has been proposed as shown in Fig. 4(d) . The crystal growth process can be divided into two stages: the formation of four branches and the growth of leaflets. For the case of Pb/Mo route, by adding Pb(OAc) 2 Nano Research act together to give kinetic control over the crystal morphology. Our diffusion-controlled crystallization process is somewhat similar to diffusion-limited aggregation (DLA) processes, which are commonly seen in the formation of fractal patterns under farfrom-equilibrium conditions [48] . Since the 1980s, considerable attention has been paid to DLA mainly due to its importance in the morphological evolution of minerals in biological systems and biomimetic processes [49] . However, single crystals with strong anisotropy and low disorder like the hierarchical nanocrystals we prepared here have seldom been obtained via DLA processes [50] . Besides its simplicity, this strategy is potentially a general one and can be extended to the synthesis of many kinds of hierarchical inorganic materials. For example, hierarchical star-shaped PbS nanocrystals with short leaflets on the branches (Fig. 5(a) ) and cubic phase were obtained by adding an excess of Pb(OAc) 2 ·3H 2 O powder to a thioacetamide solution of low concentration, hierarchical star-shaped SrC 2 O 4 microcrystals with leafl ets on the branches (Fig. 5(b) ) were obtained when a highly concentrated SrCl 2 solution was added to dilute Na 2 C 2 O 4 solution, and hierarchical fl owerlike Zn(OH) 2 nanostructures with hyperbranches composed of nanobelts could be obtained when a concentrated NaOH solution was added to a Zn(OAc) 2 solution of low concentration (Figs. 5(c), (d) ). Further data are given in the ESM.
Conclusions
H i e r a r c h i c a l i n o r g a n i c n a n o s t r u c t u r e s o r microstructures were obtained by using a convenient aqueous-phase strategy under ambient conditions involving simply adding a highly concentrated solution of one reactant to a solution of the other reactant with low concentration. The high local concentration of the one reactant provides the thermodynamic conditions for crystal growth, and the extremely low concentration of the other reactant affords a diffusion-controlled kinetic environment for the heterogeneous growth of different crystalline faces, thus eventually inducing the formation of hierarchical nanocrystals. This method is very facile and can be adapted to many kinds of inorganic materials. Furthermore, it also might be extended to nonaqueous systems in order to produce hierarchical nanostructures of organic materials and polymers. Thus, this strategy may be a potential general route for fabricating various materials with hierarchical morphologies and different chemical compositions. 
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